A solid phase extraction sorbent, aminopropyl triethoxysilane-functionalized silica was prepared and used for vanadium speciation prior to inductively coupled plasma mass spectrometric determination. The necessary sorption parameters such as sorption pH, reaction temperature, sorbent amount and sample volume were optimized. The sorption for V(V) and V(IV) under the optimized conditions was 98% (±1) and was lower than 10%, respectively. The sorption process was investigated both from a kinetic perspective and also in terms of Freundlich, Dubinin-Radushkevich and Langmuir isotherm models to characterize the uptake of vanadate ion by the functionalized silica. Desorption from the sorbent was realized with 0.5 mol L −1 thiourea prepared in 0.2 mol L −1 HCl. Among the possible interfering species tested, Te(IV), Se(IV), Se(VI) and Fe(III) showed interference effects with V(V) signal. The validity of the method was first checked via spike recovery experiments with four different types of water; namely ultra pure, bottled drinking, tap, and sea water for different concentrations of V(V). The percent recovery values changed between 87 and 108 for all water types. The accuracy of the proposed methodology was also checked by analyzing a standard reference material (NIST, SRM 1643e) and a good agreement was found between the determined and the certified value. The proposed methodology has also been shown to be applicable for the separate sorption of V(V) in the absence/presence of V(IV) and for the sorption of both V(IV) and V(V) in waters. The amount of V(IV) can then be determined from the difference.
Introduction
Toxic heavy metal pollution in air, soil, and water is a growing global problem that conveys detrimental effects to the environment. There are natural and anthropogenic sources for heavy metal pollution including coal-burning, use of natural gas, paper and several other industries, etc. [1, 2] . Depending on the chemical form and exposure level, heavy metals can potentially be very harmful to humans and to the whole biosphere. Thus the detection and quantification of heavy and/or essential metals at relatively highto-trace levels in environmental, biological, geological matrixes have become necessary for better understanding of the global systems [3] .
Vanadium is widely distributed in the Earth's crust and has been recognized as a potential pollutant [4, 5] . It originates from primary sources such as ores, concentrates, metallurgical slags, and petroleum residues. In addition, it is widely used in the production of special steels, temperature-resistant alloys, pigments and paints. Making up about 0.014% of the Earth's crust, it is the fifth most abundant transition metal [6] . It is also found at rather high concentrations in some freshwaters and is listed as a metal of concern by the United States Environmental Protection Agency (USEPA) [7] .
Vanadium is known as an essential trace element for plants and animals. It has oxidation states from −1 to +5, and in nature and biological systems, it is most commonly found in the +4 and +5 states as tetravalent vanadyl (VO 2+ ) and pentavalent vanadate (HVO 4 2− , VO 3 − and/or H 2 VO 4 − ) species, respectively. A number of monomeric and polymeric tetravalent and pentavalent vanadium species can also be present in aqueous solutions and the composition of each depends upon pH and species concentrations [8] .
In oxidizing media the vanadium ion is present as the hydrated monomer of vanadate (HVO 4 2− or H 2 VO 4 − ) at micromolar concentrations near neutral pH, whereas in reducing media, the anion is reduced to vanadyl cation (VO 2+ ) within few minutes. If the conditions are strongly reducing, vanadium may also exist as trivalent [V(III)] and divalent [V(II)] ions [9, 10] . Although vanadium is toxic at high concentrations it is important for biological systems at low concentrations (mg L −1 ). Indeed, it is essential to cell growth and is known to possess anti-cancer, anti-diabetic, and anti-HIV properties. Although being a nutritional element, vanadium is not accumulated by the plants and animals; the only organisms known to bioaccumulate vanadium to a significant degree are mushrooms, tunicates and sea squirts. The occurrence of vanadium in sea squirts is supposed to be one of the main sources of this metal in crude oil and oil shales which is also an indication of the environmental pollution. At mg L −1 concentration level, vanadium is toxic to plants, mice, freshwater organisms, and humans. Moreover, the V(V) species is more toxic than the V(IV) and V(III) oxidation states. Thus, it is important to both separate and quantify the vanadium species in order to assess their potential risk to the environmental systems [10, 11] .
There are many methods for vanadium determination in various matrices [12] [13] [14] . The conventional volumetric [15] and gravimetric [16] methods can also be used. Since vanadium concentrations in natural samples are very low (in the range of g L −1 ) [17] more powerful analytical methods are required for the determination. Only a few of these methods show sufficient sensitivity, such as neutron activation analysis (NAA) [18] , electrothermal atomic absorption spectrometry (ETAAS) [19] inductively coupled plasma atomic emission spectrometry (ICP-AES) [20] and inductively coupled plasma mass spectrometry (ICP-MS) [21] as well as some UV-VIS spectrophotometric methods [22, 23] .
In addition to the determination of total concentration, it is nowadays well recognized that understanding of biogeochemical processes depends upon the knowledge of the chemical forms, or species, that are present in the natural environment. For vanadium, most of the speciation studies are based on the determination of both the total dissolved concentration and the concentration of one of its forms, V(IV) or V(V), and then on finding out the concentration of the other form by subtraction. Minelli et al. [19] developed a sensitive method for monitoring and speciation of V(IV) and V(V) in Italian waters at trace levels. A strong anion exchange column loaded with disodium ethylendiaminetetraacetic acid (Na 2 EDTA) was used to trap both vanadium species at pH 3. The vanadyl ion (VO 2+ ) which was selectively eluted by means of an aqueous solution containing Na 2 EDTA, tetrabutylammonium hydroxide and isopropanol, was subsequently determined by ETAAS. The concentration of vanadate ion was calculated by subtracting the vanadyl ion concentration from the total concentration. In another study, a flow injection system coupled to ICP-OES was used for on-line preconcentration and subsequent determination of vanadium [24] . Trace amounts of vanadium were preconcentrated at pH 7.0 by sorption on a conical minicolumn packed with immobilized yeast cells in the absence of complexing reagent. Vanadium was removed from the minicolumn with the use of 50% HCl solution. A similar study utilizing microcolumns packed with L-methionine immobilized on controlled pore glass (CPG) as solid phase extractant was proposed by Pacheco et al. [25] . At pH 5.0, L-methionine was reported to be selective only towards V(V) while total vanadium was quantitatively adsorbed by the solid phase at pH 9.0 (as V(V)) due to oxidation of V(IV) in alkali media. Vanadium species retained by L-methionine were quantitatively eluted from the column with 10% HCl. Effects of acidity, sample flow rate, eluent concentration and interfering ions on the recovery of the analytes have also been investigated.
Amberlite IRA-904 resin modified with tetrakis (pcarboxyphenyl) porphyrin (TCPP) was used to preconcentrate vanadium species [26] . Several parameters, such as sorption capacity of the chelating resin, pH for retention of V(IV) and V(V) and volume of sample and eluent were evaluated. Both vanadium species sorbed on TCPP-modified resin were eluted with the use of 2.0 mol L −1 nitric acid and determined by AAS. For speciation studies, CDTA was added to the sample for complexing V(IV) which was not retained on the microcolumn. The proposed method was applied to a reference standard material (TM-25.2) and river water sample. Another sensitive and simple method for the speciation of V(IV) and V(V) was developed by Fan et al. [27] utilizing a separation/preconcentration step by a microcolumn packed with immobilized thenoyltrifluoroacetone (TTA) on microcrystalline naphthalene. Both of the species were trapped by microcolumn at pH 4.0, and the vanadate (VO 2 + ) ion was collected selectively at pH 2.4. Solid material loaded with analyte in the microcolumn was dissolved with TTA and the vanadium concentration was determined subsequently by electrothermal vaporization inductively coupled plasma optical emission spectrometry. The concentration of vanadyl (VO 2+ ) ion was calculated from the difference. The change in the oxidation state of vanadium species in seawater was investigated by Nukatsuka et al. [28] by selective solid phase extraction and ETAAS determination. The authors reported the strong dependence of vanadium species on the pH of the solutions stating that in artificial seawater at pH 7.8, V(V) was stable but V(IV) was rapidly oxidized. In acidified (pH 2.0) artificial seawater V(IV) → V(V) oxidation rate was slow. These results were reported to be in line with those obtained by Okamura et al. [29] . In a recent study by Xiong et al. [30] , vanadium speciation was realized by means of a microcolumn packed with cetyltrimethylammonium bromide-modified alkyl silica. At pH 2.0-7.0, V(V) was quantitatively retained while pH 5.0-7.0 was used for the quantitative retention of V(IV). A review about the speciation of vanadium in environmental and biological samples can be found elsewhere [31] .
The aim of the present study is to prepare an amine functionalized silica sorbent for the determination of vanadium species, namely V(IV) and V(V), in environmental samples. The sorbent was characterized using several techniques such as scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM/EDS), elemental analysis, thermo gravimetric analysis (TGA), infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) surface area analysis. In addition, particle size distribution and zeta potential of the proposed sorbent were also elucidated. The sorption behavior of the sorbent towards V(IV) and V(V) species was investigated through batch-type sorption experiments.
Experimental

Apparatus
The inductively coupled plasma mass spectrometer (ICP-MS) used for vanadium determination (m/z = 51, natural abundance of 99.75%) was an Agilent 7500ce (Tokyo, Japan) type instrument equipped with a high solid nebulizer, a Peltier-cooled spray chamber (2 • C), and an octopole collision/reaction cell with hydrogen gas pressurization (purity of 99.999%). The ICP-MS operating conditions were as follows: forward power of 1500 W, plasma gas flow of 15.0 L min −1 , carrier gas flow of 1.1 L min −1 , collision gas flow of 3.5 mL min −1 ; sample uptake time of 25 s and integration time of 100 ms.
In batch sorption studies, GFL 1083 water bath shaker (Burgwedel, Germany) equipped with microprocessor-controlled thermostat was used to provide efficient mixing. The pH measurements were performed by using a Denver pH/ion meter (Colorado, USA) with a pH/ATC plastic-body electrode. All reagents and chemicals were of analytical grade. Ultra pure water (18.2 M , Millipore, Billerica, MA, USA) was used throughout the study. Glassware and plastic ware were cleaned by soaking in 10% (v/v) nitric acid and rinsed with distilled water prior to use. Standard V(IV) and V(V) stock solutions were prepared by dissolving appropriate amount of vanadyl sulfate pentahydrate, VOSO 
Synthesis of 3-APTES-functionalized silica
The functional silane, 3-APTES, was used as the organic source for the functionalization of the silica surface. The synthesis procedure was gathered from similar studies with some modifications [32] [33] [34] [35] [36] . Prior to functionalization, pretreatment of silica gel was carried out to remove the possible surface contaminants (e.g. metal ions) and activate the silanol groups on the surface. Activation was achieved by the treatment of 20.0 g silica gel with 100 mL of 0.01 mol L −1 acetic acid for 1 h. Then it was filtered using a vacuum pump and washed with distilled water until the pH of the supernatant had risen to 6.0. Afterwards, it was transferred to a round bottomed flask containing 50.0 mL toluene and 12.0 mL 3-APTES. The mixture was stirred for 24 h under reflux at 110.0 • C under N 2 atmosphere. The resulting product was filtered off and washed with ethanol. After removal of the traces of solvent, the resulting product was dried at 50.0 • C for 24 h.
Characterization
A number of characterization methods were employed to assess the attachment of the functional groups to the silica surface. Characterization of the proposed sorbent was performed using techniques such as Brunauer-Emmett-Teller (BET) surface area analysis, Fourier transform infrared analysis (FTIR) and elemental analysis. Images of the sorbent were taken with scanning electron microscopy (SEM) while its thermal degradation behavior was investigated through TGA measurements. Particle size distribution and zeta potential of the proposed sorbent were also evaluated.
Sorption studies
For vanadium speciation, separate standard solutions of V(IV) and V(V), each at 1.0 mg L −1 concentration, were prepared at different pHs adjusted with various concentrations of HNO 3 and NH 3 . From each of these solutions 10.0 mL was taken into which 50.0 mg of the sorbent was added. The resulting mixture was shaken manually for 1-2 min and then for a further 30 min on a shaker at 25.0 • C. At the end of the shaking period, the mixture was filtered through blue-band filter paper and the filtrate was analyzed for its vanadium content by ICP-MS. The effects of pH, sorbent amount, shaking time, initial ion concentration, solution volume and reaction temperature were investigated. The percentage of vanadium sorption was calculated using Eq. (1), where C i is the initial and C f is the final concentration in the solution.
Sorption isotherm models
The equilibrium conditions of the sorption process can be described using the sorption isotherms. The relevant studies revealed the concentration-dependence of the partitioning of vanadium species between the liquid and the solid phase (sorbent) at a particular temperature. Many theoretical and empirical models have been developed to represent the various types of adsorption isotherms. The Langmuir, Freundlich and Dubinin-Radushkevich (D-R) are among the most frequently used isotherm models for this purpose.
The nonlinear form of Langmuir isotherm is given in Eq. (2) Q e = Q max bC e 1 + bC e (2) where Q max (mmol g −1 ) and b (L mmol −1 ) are Langmuir constants, Q max is the amount of vanadate ion sorption corresponding to monolayer coverage, b is the affinity of the species for the sorbent, C e (mmol L −1 ) is the amount of vanadate in liquid phase at equilibrium and Q e is the amount of vanadate sorbed on the surface of the sorbent (mmol g −1 ) at equilibrium. The values of constants are evaluated from the linearized form of the equation which is given in Eq. (3):
The intercept and the slope of the plot of 1/Q e vs. 1/C e were used in the determination of Q max and b [37] [38] [39] . Furthermore, the ability of 3-APTES-functionalized silica to accommodate vanadium ion was evaluated in terms of the maximum specific area of the sorbent. Q max was used to estimate the specific surface area of the sorbents towards vanadium by Eq. (4) where S a is the specific surface area (m 2 g −1 ), Q max is the monolayer sorption capacity (mg g −1 ), N is the Avogadro Number, A is the cross-sectional area of the metal ion (m 2 ), and AW is the atomic weight of the metal [40] .
Freundlich model is usually used to describe sorption over a wide range of concentrations on homogeneous and/or heterogeneous surfaces [41] . The isotherm is not restricted to monolayer sorption and displays various nonlinear behaviors reflected in the value of its exponential parameter (1/n). The isotherm assumes exponential increase in the sorption barrier as initial sorbate concentration is increased. The general nonlinear form of this isotherm is described by Eq. (5):
where K F (mg g −1 ) and n are Freundlich constants that apply for a set of concentrations at a given temperature for a certain sorbentsorbate system. These constants are determined from the linearized form of Eq. (6) given as follows:
The intercept and the slope of logQ e versus logC e plot give K F and 1/n, respectively.
D-R isotherm model assumes that the ionic species preferentially bind to most energetically favorable sites of sorbent associated with multilayer adsorption of ions [42] . D-R isotherm is generally described by Eqs. (7) and (8) [43] :
where
D-R parameter, B (mol 2 kJ −2 ), gives information about the mean free energy of sorption per molecule of sorbate which is required to transfer it to the surface of the solid from infinity in the solution; q s (mg g −1 ) corresponds to the sorption monolayer capacity [44] . The mean free energy of sorption can be calculated from D-R parameter B by Eq. (9):
The constants q s and B are calculated from the intercepts and the slope of the experimental plot, lnQ e versus ε 2 .
The sorption isotherm studies were also performed through batch process. In each trial, 50.0 mg amount of 3-APTESfunctionalized silica was added into 10.0 mL of solution aliquots containing the specified concentrations of V(V) (ranging from 100.0 to 1000.0 mg L −1 ), and the mixtures were shaken in a thermostated water bath at 25.0 • C for one hour at a pH of 2.0. At the end of the shaking period, the solid and solution phases were separated through filtration and the concentrations of vanadium in the supernatant solutions were determined by ICP-MS. With the use of the data obtained in these experiments, the sorption capacity (maximum amount of vanadium sorbed per g of silica) was also determined.
Thermodynamic parameters
The effect of reaction temperature on the sorption of V(V) was studied at 25.0 and 60.0 • C while keeping the other parameters constant (10.0 mL of 1.0 mg L −1 V(V) solution, 50.0 mg sorbent, pH of 2.0, n = 3). The corresponding standard Gibbs free energy change, G o , standard enthalpy change, H o , and standard entropy change, S o were calculated utilizing the well-known Eqs. (10), (11) and (12) [45, 46] .
is the distribution ratio of V(V) ion defined by Eq. (13).
where C solid is the concentration of V(V) on the sorbent (mg g −1 ) and C liquid is the concentration of V(V) ion in solution at the end of sorption time (mg L −1 ).
Desorption studies
Several eluents were tried for the desorption of sorbed V(V) from the sorbent. For this purpose, 10.0 mL of 1.0 mg L −1 V(V) was prepared and the sorption process was performed with 3-APTESfunctionalized silica as mentioned above. Following this step, the sorbent was taken into the eluent and the new mixture was shaken once again for 30 min. Afterwards the solution was filtered and analyzed by ICP-MS. A blank solution was also prepared by the same procedure; by adding the same amount of sorbent into ultra pure water and eluting it after filtration.
Interference studies
The interference studies were performed with Mo(VI), Sb(III), Sb(V), Te(IV), Te(VI), Se(IV), and Se(VI) ions, in addition to various metal ions. For this purpose, 10.0, 100.0 and 1000.0 g L −1 concentrations of the above-mentioned ions were mixed with 3-APTES-functionalized silica and the sorption behavior of the sorbent towards the listed ions was investigated. The same experimental conditions optimized for vanadate were applied in the sorption (solution volume, shaking time, solution pH, sorbent amount and reaction temperature were 10.0 mL, 30 min, pH of 2.0, 50.0 mg, and 25.0 • C, respectively). The percent sorption of each ion was determined by ICP-MS after acidification with concentrated HNO 3 to have 1.0% (v/v) acid concentration in the final solutions.
In the second part of the interference study, 10.0 g L −1 , 100.0 g L −1 , 1000.0 g L −1 of the species mentioned above were added separately into 10.0 g L −1 , 100.0 g L −1 and 1000.0 g L −1 V(V) solutions. The sorption experiments were performed under optimized conditions for vanadate as described in the previous paragraph, followed by a filtration step. After proper acidification and reduction steps ICP-MS was used for the analysis.
Method validation and spike recovery experiments
The efficiency of the proposed method was first checked via spike recovery tests. This was realized by spiking 10.0 mL aliquots of ultrapure, bottled drinking, tap, and sea water samples with 10.0 g L −1 , 100.0 g L −1 and 1000.0 g L −1 of V(V) solutions separately and applying the batch process. After sorption, elution was performed using 0.5 mol L −1 thiourea (in 0.2 mol L −1 HCl) and shaking for 2 hours at 50.0 • C. The concentration of vanadium in the eluates was determined by ICP-MS and the percent recovery in each sample was calculated.
In addition to spike recovery experiments, a standard reference material, Trace Elements in Water (NIST, SRM 1643e) was also employed for method validation. Ten milliliters aliquots were taken and processed by the proposed methodology; sorption on the 3-APTES modified silica and elution with 0.5 mol L −1 thiourea (in 0.2 mol L −1 HCl). The eluates obtained were also analyzed by ICP-MS.
Results and discussion
Characterization of the sorbent
The surface morphology of unmodified and 3-APTESfunctionalized silica was examined at different surface locations using SEM. Visual inspection of the images (not shown) indicate an increase in surface roughness upon functionalization of silica. This could be reflecting a strong interaction between the silica surface and the functional groups. Based on 29 Si and 13 C NMR data of 3-APTES modified silica, it was reported that a covalent bond forms between silylating agent (3-APTES) and silanol groups which are dispersed onto the silica surface [47] . The functional groups of 3-APTES modified silica were also identified using FTIR (figure not shown). A very broad absorption band centered at 3450 cm −1 was observed which was assigned to silanols groups (Si-OH) on the surface. The vibration bands at 1200-1100 and 470 cm −1 represented the asymmetric stretching and bending of siloxane groups (Si-O-Si). A band in the region of 2850-2950 cm −1 was ascribed to symmetric vibration of the C-H groups. Absorption bands at 3450 and 1650 cm −1 represented the stretching and bending vibration of aliphatic amine (N-H) groups. Vibrations at 2947 and 1384 cm −1 were assigned to the Si-CH 2 stretching and bending mode, respectively. Elemental analysis was performed to reveal the percentages of C, H and N in the synthesized sorbent. The observed increase in the percentages of C (6.16%), H (1.85%) and N (2.17%) was indicative of the modification process of silica surface with 3-APTES. Calculations based upon elemental analysis yield a ligand loading of 1.55 mmol g −1 , with the overall fractional loading efficiency being 0.60.
The thermogravimetric analysis allowed the determination of the degree of surface modification through comparison of the percent weight loss as a function of temperature. With the use of the thermographs obtained for unmodified and 3-APTESfunctionalized silica, a 3-4% weight loss observed at ∼110 • C was attributed to the removal of adsorbed water from the silica structure. Beyond 200 • C, the weight decreased gradually and about 7% weight loss was observed up to 620 • C. The total loss from the sample was about 10-13% around 620 • C indicating that silica gel is modified with an organic compound. The difference in the weight loss compared to that of the unmodified silica can be attributed to the modification of the surface.
Determination of the specific surface areas of unmodified and functionalized silica is essential to express concentration of reactive surface species. Nitrogen sorption isotherm data can be used for this purpose, that is, for providing information about the pore system of materials. The pore volume and pore size can be expected to decrease upon modification with the functionalized silane due to space occupancy. Accordingly, the decrease in the pore volume from 0.101 to 0.065 cm 3 g −1 is likely to be an indication of the organic groups having been successfully introduced into the inner channels. In line with this, the decrease in specific surface area by nitrogen adsorption indicates the coverage of the silica surface with the functional groups. These findings are in accordance with the previous studies [48] . It was reported that nitrogen molecules were adsorbed preferentially to silanols and a weak adsorption was observed on organic surfaces compared with bare silica surfaces.
The zeta potential measurements ( Fig. 1) were carried out as a function of pH and the zero point of charge (zpc) of the unmodified silica and 3-APTES-functionalized silica was, respectively, determined to be 2.5 and 7.0. The zpc values indicate that the electrostatic nature of the two sorbents is significantly different. The particle size measurements indicated that as the surface modification is performed, smaller silica particles are obtained. This is probably due to mechanical abrasion caused by stirring during the synthesis process. In addition, the particle size distribution of the novel sorbent has also indicated a monodispersed distribution of particles.
Sorption studies
Calibration standards were prepared from 1000.0 mg L −1 V(IV) and V(V), respectively, with simple dilution. All standards contained 1.0% (v/v) HNO 3 corresponding to a HNO 3 concentration of 0.144 mol L −1 and were measured with ICP-MS. Similar responses were obtained with both species and the graphs were linear at least up to 1000.0 g L −1 . The limit of detection (LOD) based on 3 s (3 times the standard deviation above the blank value) was 0.041 g L −1 . When the detection limits of several detection methods for the determination of vanadium are compared, it can be said that the detection limit of the proposed method is comparable or lower than most of those reported in the literature (Table 1) .
Effect of pH
The solution pH is one of the most crucial factors in controlling the sorption of vanadium species by a given sorbent. As mentioned before, vanadium can be found in +4 oxidation state as vanadyl cation, VO 2+ , in reducing media and is stable in acidic solution below pH 2. Alternatively, it may exist in +5 oxidation state as vanadate cation, VO 2 + , in acidic solutions. In the presence of oxidizing agents, vanadium ion can prevail as the hydrated monomer of vanadate (HVO 4 2− or H 2 VO 4 − ) at micromolar concentrations near neutral pH, as H 2 VO 4 − in neutral solutions, and as HV 2 O 7 3− in alkaline solutions. Depending on the pH and species concentrations, several monomeric and polymeric tetravalent and pentavalent vanadium species can also be present in aqueous solutions. Based on this, among the investigated parameters, priority was given to elucidating the effect of pH on vanadium uptake by the sorbents. The obtained results for V(IV) and V(V) sorption by 3-APTES-functionalized and unmodified silica as a function of pH are shown in Fig. 2(a,b) .
As can be seen from Fig. 2a , the speciation capability of 3-APTESfunctionalized silica is mostly pronounced at pH 2.0; with greater than 90% sorption corresponding to V(V) species compared to less than 10% for V(IV). On the other hand, there is a strong similarity between the sorption properties of unmodified and functionalized silica towards both vanadium species at pHs higher than 3.0 with a slight difference in the sorption percentages at pH 9.0. At first River water [26] Thenoyltrifluoroacetone (TTA) on microcrystalline column
Natural water [28] 3-APTES modified silica Thiourea in HCl
Tap, drinking and sea water glance, for pH values higher than 3.0, it can be observed that both of V(IV) and V(V) are taken up by the sorbent to a certain degree (40-80% depending on pH) and that the sorbent does not show any selectivity to V(IV) or V(V). However, a healthier comment would be that a possible oxidation of V(IV) to V(V) at pH's higher than 3.0 is taking place, and is thus leading the sorbent to exhibit sorption only towards V(V). This finding is also in accordance with the results of the previous studies which report the oxidation of V(IV) to V(V) near neutral pHs [29, 30] . It was also reported by Nukatsuka et al. [29] that especially in seawater containing organic matter, there is the possibility of reduction of V(V) to V(IV) at pH 2.0 which dictates the immediate processing of samples if acidic pHs are to be used for speciation. In a study by Ekinci and Köklü [37] , a similar sorbent functionality was used for several metal ions including vanadium but no speciation results were given; and the sorbent used displayed maximum retention towards vanadium at pHs greater than 8.0.
The results from the references and the present study indicate the importance of pH adjustment prior to the sorption step. Since, even unmodified silica retains V(V) in basic pHs (Fig. 2b) and can be used for the sorption of low concentrations of V(V), the importance of functionalization of silica with 3-APTES is emphasized in acidic pHs between 1.0 and 3.0, as demonstrated in Fig. 2a . Consequently, a solution pH of 3.0 can be used for the quantitative sorption of both V(IV) and V(V), whereas pH of 2.0, with immediate processing of the samples to avoid any possible reduction, would allow only for the sorption of V(V). The concentration of V(IV) can be determined from the difference.
Effect of sorbent amount and shaking time
The optimum amount of the sorbent for maximum uptake was determined by varying the weight of 3-APTES-functionalized silica ( The results demonstrated the very fast kinetics of sorption; even a reaction time of 5 min was sufficient to achieve equilibrium (95% sorption). Still, a shaking time of 30 min was used to guarantee the quantitative sorption keeping in mind that this is a rather short period of time for V(V)→V(IV) reduction for which a half life of about 3 h was reported [29] . Although the relatively fast kinetics of the sorption recalled the use of the functionalized sorbent in micro/mini columns for SPE, the small diameter of the particles precluded this possibility due to the back-pressure created during the operation.
Effect of initial ion concentration
The extent of removal of heavy metals from aqueous solutions depends strongly on the initial concentration of the metal. The sorption percentage of V(V) by 3-APTES-functionalized silica at various initial concentrations was studied under the optimum conditions (50.0 mg sorbent, 10.0 mL V(V) solution, pH of 2.0, reaction temperature of 25.0 • C). The obtained results are given in Table 2 . In order to demonstrate the efficiency of the surface modification of silica with the amino functional group, parallel experiments were also conducted with the unmodified silica. As can be seen from the table, V(V) is not quantitatively retained by the unmodified silica at pH 2.0. When 3-APTES-functionalized silica is considered, it is seen that the sorption percentage does not decrease below 93.5 (±0.9) % until an initial concentration of 100.0 mg L −1 . The decrease in percentage sorption at the initial concentration of 1000.0 mg L −1 is due to exceeding the maximum sorption capacity of the sorbent (detailed information will be given in the subsequent sections). The decrease in the percentage sorption with an increase in the initial metal ion concentration stems from the steeper increase in the number of ions remaining in solution in comparison to those fixed by the solid surface.
Effect of ionic strength
The effect of ionic strength on the sorption percentage of 3-APTES-functionalized silica was studied by the addition of various concentrations of NaCl (0.001-0.100 mol L −1 ) into V(V) solution while keeping the other parameters constant (1.0 mg L −1 , 10.0 mL V(V) solution, 30 min shaking time, 50.0 mg sorbent, pH 2.0, 25.0 • C sorption temperature, n = 3). According to the results, almost no change in sorption percentage was observed even in a relatively high concentration of NaCl (0.100 mol L −1 ). This finding can be assumed to demonstrate the potential application of the novel sorbent to relatively heavy sample matrixes. 
Effect of sample volume
The usage of preconcentration methods is a common approach for the determination of low concentrations of analytes. Depending on the final concentration and sample volume required, different preconcentration factors can be selected. In the present study, the effect of sample volume was investigated by two strategies. In the first, 10.0, 25.0, 50.0, 100.0, 250.0, 500.0 and 1000.0 mL sample volumes containing the same absolute amount of V(V) (10.0 g) were processed with the proposed methodology while the other parameters were held constant at the optimum values. According to the results outlined in Table 3 , it can be said that acceptable recoveries (>87%) were obtained with sample volumes less than 250.0 mL. On the other hand, percent sorption decreased with increasing sample volumes beyond 250.0 mL under the conditions applied. In the second case, V(V) concentration was kept constant at 1.0 mg L −1 while the sample volume was changed (10.0, 25.0, 50.0, 100.0, 250.0, 500.0 and 1000.0 mL). The results given in Table 4 demonstrate that the proposed methodology can be applied efficiently (>88% sorption) for sample volumes less than 100.0 mL. Sorption percentage deteriorates after 250.0 mL due to the decreased sorption capacity of the sorbent. However, this deficiency can be overcome with the use of higher amounts of 3-APTES-functionalized silica as shown in Table 5 .
Sorption isotherm models
A comparison of Langmuir, Freundlich, and DubininRadushkevich adsorption models was made for the sorption of V(V) by 3-APTES-functionalized silica at pH 2.0 and 25.0 • C. Among the three isotherm models, Langmuir isotherm showed the best correlation with the experimental data within the whole concentration range as reflected by its highest correlation coefficient. The validity of the Langmuir isotherm suggests a monolayer coverage and this assumption can be utilized to estimate the theoretical specific surface area. Based on this approach, the surface area was calculated to be 102.5 m 2 g −1 . The linear fits of the three isotherms (Langmuir, Freundlich, and Dubinin-Radushkevich) are illustrated in Fig. 3 , and the corresponding isotherm parameters are summarized in Table 6 . Table 7 Thermodynamic parameters for the sorption of V(V) by 3-APTES-functionalized silica. Table 8 Percent sorption of chosen species by 3-APTES-functionalized silica at the opti- 
Effect of sorption temperature
The effect of reaction temperature on the sorption of V(V) was studied at 25.0 and 60.0 • C. The change in the percent sorption of 3-APTES-functionalized silica as a function of temperature was investigated and a decreased sorption with an increase in the temperature was observed. The apparent exothermic behavior was associated with a decrease in entropy, indicating that the spontaneous sorption is enthalpy-driven (Table 7) .
Desorption from the sorbent
Among the various concentrations of acids, bases, oxidants/reductants, and complexing agents (HCl, HNO 3 , H 3 PO 4 , Table 10 Spike recovery results for vanadate ion with ultra-pure, bottled-drinking, tap and sea water samples after desorption from 3-APTES-functiolized silica (50.0 mg sorbent, 10 mL sample volume, pH 2.0, 25.0
• C solution temperature and 30.0 min sorption time; eluent: 0.5 M thiourea, n = 3). 
Interference studies
In order to perform a detailed interference study, initial experiments were planned to elucidate the extent of sorption of 3-APTES-functionalized silica towards several metal ions at pH 2.0 at which V(IV) and V(V) can be separated. The sorbent showed no significant selectivity towards Al, B, Ba, Cd, Co, Cr, Li, Mg, Mn, Ni, Pb, Sr, Tl and Zn. A similar interference study was conducted also with As(III), As(V), Fe(II), Fe(III), Mo(VI), Sb(III), Sb(V), Se(IV), Se(VI), Te(IV) and Te(VI), as described previously. The results given in Table 8 show that 3-APTES-functionalized silica exhibits significant sorption towards the species, especially at low ion concentrations, except for Fe(II), Sb(V), Te(IV) and As(V). The oxyanions of Mo(VI), Sb(III) and Se(VI) were almost completely removed from the solutions at all concentrations tested. This finding, i.e. the selectivity of the novel sorbent to Mo(VI), Sb(III), and Se(VI), can offer a new potential for the selective determination of these ions in addition to V(IV)/V(V) speciation.
Based on the previous results, the interference effects of As(III), Fe(III), Mo(VI), Sb(III), Se(IV), Se(VI), Te(IV) on V(V) sorption were investigated in such a way that various concentrations of the ions were prepared and spiked with V(V). Any effect causing at least 15% decrease in the sorption was considered as interference. Table 9 shows the effect of each species on sorption as a function of V(V) concentration. As given in the table, all three investigated concentrations of Te(IV), Se(IV), Se(VI), and Fe(III) showed interference by decreasing the percent sorption of V(V). A remarkable inter- Table 9 Summary of interference study; N: no interference, I: interference (50.0 mg sorbent, 10.0 mL solution volume, pH 2.0, 25.0
• C solution temperature and 30.0 min sorption time, n = 3).
Te ( Table 11 Spike sorption results for V(IV) and V(V) for ultra-pure and bottled-drinking water samples at two pH values (50.0 mg sorbent, 10 mL sample volume, 25.0 • C solution temperature and 30.0 min sorption time).
ference effect of all the ions tested (decrease in >50% sorption) was seen for low (10.0 g L −1 ) vanadate concentration. For higher (100.0 and 1000.0 g L −1 ) vanadate concentrations, Te(VI), Se(IV), Se(VI), and Fe(III) still showed interferences whereas no interference was observed from Sb(III), As(III), and Mo(VI) ions. Moreover, no enhancement of V(V) signal was observed.
Method validation and real sample analysis
The proposed method was validated through spike recovery tests and a certified reference material. Spiking was applied to four different types of water; namely, ultra pure, bottleddrinking, tap, and sea water at three different concentrations of V(V); namely 10.0 g L −1 , 100.0 g L −1 and 1000.0 g L −1 . Spiked samples were subjected to the same sorption/elution cycles as previously. The results given in Table 10 show that the proposed methodology works efficiently for all types of waters at all concentrations (87-108% recovery), except sea water spiked with 1000.0 g L −1 V(V) for which 73(±3)% recovery was obtained. In addition to the above-mentioned experiments which were carried out using a relatively high spike concentration of 1.0 mg L −1 V(V) at pH 2.0, spike recovery tests were repeated also with lower concentrations of both vanadium species at two different pHs; namely, pH 2.0 for the sorption of only V(V) and pH 3.0 for the sorption of total vanadium (V(IV) + V(V)). The methodology was applied to ultra pure and bottled drinking water samples with the concentrations between 10.0 g L −1 and 200.0 g L −1 . The results given in Table 11 demonstrate that, for both water types, at pH 2.0, the 3-APTES-functionalized silica sorbent shows quantitative sorption only to V(V) for all the concentrations tested while it displays no affinity to V(IV). On the other hand, pH 3.0 must be employed if the total concentration of the vanadium species is to be determined. This characteristic behavior shows the speciation capability of the functionalized silica towards V(IV) and V(V) in waters.
In addition to the spike recovery tests, the accuracy of the proposed methodology was checked by analyzing a standard reference material (NIST, SRM 1643e) and a good agreement was found between the determined 35.47(±0.57) g L −1 and the certified value 37.86(±0.59) g L −1 .
Conclusion
3-APTES-functionalized silica sorbent has been shown to be an efficient material for the speciation of vanadium in waters. The optimum pH for the speciation of V(IV) and V(V) was found to be 2.0 where only V(V) is sorbed by the sorbent. A solution pH of 3.0 can be used if the total concentration of vanadium is to be determined. The concentration of V(IV) can then be calculated from the difference. This finding enhances a specific determination of total vanadium with an easy step like pH adjustment. Desorption from the sorbent was realized with 0.5 mol L −1 thiourea in 0.2 mol L −1 HCl.
Among the tested isotherm models, Langmuir model appeared to be the most appropriate within the whole concentration range with high correlation coefficient which indicates a monolayer sorption process. In addition, sorption of V(V) by 3-APTESfunctionalized silica decreased with the increase in solution temperature and this exothermic behavior is associated with a decrease in system entropy.
An interference effect is observed for Te(IV), Se(IV), Se(VI), and Fe(III) ions through decreasing the percent sorption of V(V). Additionally, Mo(VI), Sb(III) and Se(VI) were almost completely removed from the solutions at all tested concentrations. This promising sorption behavior of the novel sorbent towards the above-mentioned oxyanions has also boosted further studies in the authors' laboratory for selective determination of these ions.
The validity of the method was checked both with spike recovery experiments with four different types of water, ultra pure, bottleddrinking, tap, and sea water, at different V(V) concentrations and a standard reference material (NIST, SRM 1643e). The results demonstrated the efficiency of the method. The proposed methodology has been shown to be applicable for the separate sorption of V(V) in the absence/presence of V(IV) and for the sorption of both V(IV) and V(V) in waters. The amount of V(IV) can then be determined from the difference.
